Synchrotron-infrared microscopy provides a non-destructive technique to investigate the chemical composition of latent fingermarks in-situ. The high spatial resolution and brightness of the synchrotron source also lends itself to the chemical characterisation of trace amounts of material on surfaces. However, only the lipid fraction of fingermark deposits is targeted when transmission-reflection is used. The fingermark lipid residues appeared to be relatively homogenous in composition across the deposit for any particular donor. No significant variation in the lipid composition as a function of age or gender of the donor was observed.
Introduction
A range of chemical reagents can be used to treat and consequently visualise latent fingermarks. These react with the deposited fingermark residue consisting of both foreign compounds and sweat secretions from skin glands. These secretions are the result of the eccrine, apocrine and sebaceous glands, of which only the eccrine gland is present on the palms and fingers [1] . The sebaceous and apocrine glands are in skin found throughout the body and their secretions can be transferred onto the hands by touching other body parts [2] .
As shown in Table 1 , an array of organic and inorganic constituents has been discovered to be secreted by these glands [1, [3] [4] [5] [6] [7] . However, the exact chemical composition of fingermark deposits is still widely unknown as research studies in the past have focused on bulk production of sweat, not necessarily the unique mixture that is present in fingermark deposits [1, 8, 9] . It has been noted that the quality of fingermarks treated with reagents such as 1,2-indanedione are not consistent within a donor population, with age, gender, prior activity and diet thought to be possible causes [3, [10] [11] [12] [13] . Furthermore, the density of sweat pores, the pores' size and shape, as well as the physical contact that occurs when placing fingermarks (such as pressure and contact time) [14, 15] . While there are a growing number of recent studies that investigate fingermark secretions, these mostly focus on chromatographic and mass spectral techniques [16] [17] [18] [19] [20] . In addition, the age of a deposit can have a significant effect on the ability to detect it, with some reagents reacting better with fresh fingermarks, while other develop increasingly well with an ageing print [4] . However, the effect of ageing on fingermarks has not been extensively researched [3, 4, 12, 13, [16] [17] [18] [19] [20] . As the chemical reaction that occurs between a reagent and the fingermark deposit is directly dependent on its chemical nature, a deeper understanding of its chemistry and ageing process are vital for the progression of development techniques.
Infrared (IR) spectroscopy has successfully been applied previously to analyse latent fingermark deposits, and can provide complimentary information to recent chromatographic and mass spectral research [2, 5, 6, [16] [17] [18] [19] [20] [21] . However, conventional, glow bar sourced IR spectrometers may not display adequate sensitivity and spatial resolution required for these analyses. Preliminary research has been conducted by Perry et al. and Wilkinson et al. [22, 23] , indicating that synchrotron sourced IR microscopy (IRM) is a viable and improved technique over conventional IR microscopy that could be very lucrative for the analysis of latent fingermarks. The high spectral brightness and collimation of a synchrotron IR beam greatly improves the signal-to-noise ratio of collected data, and when in combination with microscopy is able to achieve much higher, diffraction-limited spatial resolutions at higher sensitivity than possible with a conventional IR source [22] [23] [24] . IRM therefore provides an excellent research tool for the study of thin layer and complex samples and is thus uniquely suited for the chemical micro-analysis of latent fingermark compositions in-situ.
The aims of this study are to demonstrate that synchrotron sourced IR is superior to conventional IR for in-situ fingermark studies. Furthermore, we will attempt to ascertain if a relationship exists between the age of the prints and their chemical composition.
Additionally, we will attempt to establish a connection between the fingermark secretions as a function of the gender and or age of the donor. The importance of substrate choice in terms of interference, stability and mode (reflection or transmission) of analysis will be investigated.
Material and methods

Collection of latent fingermarks
Donors were asked to wash their hands 30 minutes prior to sample deposition and were not permitted to consume food or handle chemicals before providing the sample. Donors were asked to rub their fingers onto their face or hair for charged fingermarks immediately prior to collection. For uncharged fingermarks donors were asked to refrain from touching their face or hair after washing their hands.
Sample preparation
Samples were tested in both transmission mode, where the IR beam is passed through the sample deposited onto an IR transmissive substrate, and trans-reflection (transflection) mode, where the sample is deposited onto a reflective surface such that the beam is effectively passed through the sample twice as it reflects off the substrate surface. Transmission is said to yield superior quantitative and reflection superior qualitative results [25, 26] . However, the sensitivity achieved utilising reflection mode is several orders of magnitude lower than analyses by transmission mode due to scattering effects as the beam is reflected at various angles from the surface of the deposits (Mie scattering) [25, 26] . This phenomenon can also give rise to a curved baseline depending on the amount of scattering and the angle of the IR beam as it enters the IR detector [25] [26] [27] . A number of substrates for sample deposition were tested during this study, including; potassium bromide (KBr) (J.T. Baker, United Kingdom) discs, gold-coated glass plates, polished stainless steel plates, zinc selenide (ZnSe) discs (Specac, USA) and germanium substrates (Specac ATR crystal, USA).
KBr discs were prepared in-house using a Pellet Press (Specac, USA); a maximum of 8 tonnes of load was placed on ~300 mg of KBr for 1 minute to produce each disc.
Fingermarks were then deposited on these discs and analysed after 1, 10, 20, 30, 50, 100 and 200 fingermarks from a single donor were superimposed. There was no discrimination as to which side of the disc the fingermark was deposited on. The fingermarks were charged after every 10 depositions.
For the deposition of fingermarks on the gold-coated glass and polished stainless steel plates all substrates were first washed using either soft tissue or cotton wool and detergent, followed by rinsing with ethanol and distilled water. The fingermarks were subsequently deposited by pressing the required fingertip onto the substrate.
All fingermark samples for aged analysis were stored in ambient conditions. However due to the hygroscopic nature of KBr, these discs were wrapped in aluminium foil and stored in an oven at 100°C.
Infrared microscopy
For the preliminary study of fingermarks on KBr discs, a Perkin Elmer ® Spectrum™ 100 FT-IR spectrometer, using Perkin Elmer software, Spectrum ® (v. 6.3.2) was employed in transmission mode. For all subsequent analyses, two different IR microscopes were used as part of this study. Spectra were collected using either a Bruker A590 microscope coupled to a conventional-sourced Bruker IFS V66 spectrometer and using Bruker software OPUS v2.2;
or a Bruker Hyperion 2000 microscope coupled to a synchrotron-sourced Vertex V80v spectrometer and using OPUS v6.5. Both IR microscopy spectrometers used liquid nitrogen cooled mercury cadmium telluride (MCT) detectors. All spectra were analysed using OPUS v6.5 software. Unless otherwise stated, the instrument parameters used for fingermark analyses are as presented in Table 2 .
Results and discussion
Preliminary considerations
Choice of substrates
In recent studies, various substrates have been used for the collection and the deposition media for latent fingermarks [2, [4] [5] [6] 21] . Two main factors have to be considered: firstly, that the substrate can be used with the analytical tool of choice; and secondly, that it permits the long-term study of the fingermarks. A number of substrates were tested to assess their suitability with IR microscopy, in both transmission and reflection measurement modes, and also that allowed the in-situ analysis of latent fingermarks over extended periods of time and under realistic ageing conditions. Suitable substrates that were stable, non-reactive and relatively cheap included gold-coated glass and polished stainless steel plates for reflection studies. Their relatively large surface area enabled up to eight fingermark samples to be deposited on each plate. ZnSe and germanium substrates suitable for transmission analysis were also explored and offered improved sensitivity; however the available ZnSe and germanium substrates were too small for more than one fingermark and were much more difficult to handle and store. Therefore, taking into consideration the scale, timeframe and availability of resources for this study, glass and metal plates were utilised.
Peak assignments
There has been some indication in recent literature as to the bands that can be expected from the IR analysis of latent fingermarks. These are listed in Table 3 [2] . Although not all expected signals were present in each spectrum, all bands were encountered in the course of this study.
Conventional glow bar source infrared microscopy
Fresh fingermarks
A preliminary study into the use of IR microscopy for latent fingermark analyses used KBr substrates to give an indication of the spectra expected from synchrotron IR studies. As the deposition of one fingermark on the disc resulted in very low absorbances, more fingermarks were placed on in increments and it was found that the quality of the spectra did not improve after 20 depositions. Due to the hygroscopic nature of KBr, water is attracted to the substrate and this was observed in the resulting spectra. Fig. 1 symmetric bend), 1119 cm -1 (C-C-O saturated ester stretch) and at 1040 cm -1 (O-C-C saturated ester stretch). The primary and secondary C-H stretch as well as the CH 3 symmetric bend are likely due to the glandular secretions, whereas the secondary amide and ester stretches are likely due to skin cell debris.
Aged fingermarks
After these initial analyses, the samples were wrapped in aluminium foil and placed in an oven for storage, enabling the effect of strong heat on fingermark stability to be studied. stretches (2923 cm -1 and 2854 cm -1 ) also decreased in intensity (Fig. 2) .
Previous research indicates that the three main reasons for changes in fingermark chemistry are the oxidation of constituents, bacterial action and the evaporation of volatiles [9] . In this experiment, evaporation of volatiles due to heat primarily resulted in a loss of the water and also some decrease in the lipid peak intensity.
However, as the whole fingermark is in the IR beam, targeting points of interest within each fingerprint was not possible. It was therefore likely that the spectra may be the result of a mixture of skin cell debris and glandular secretions, rather than just the glandular secretions of interest [2] . In addition, conventional-sourced IR spectrometers appear to lack sufficient sensitivity for the analysis of single fingermarks, as evidenced by the need to layer multiple prints on the KBr substrate to gain sufficient signal-to-noise. This limits the use of this technique as a tool for studying in-situ fingermarks. The hygroscopic nature of KBr discs also makes the long-term storage and analyses of fingermarks very difficult.
Initial analysis of latent fingermark deposits at the Australian Synchrotron IRM beamline using gold-coated glass plates indicated that high sensitivity and spatial resolution at low levels of noise could be attained. An ability to operate at diffraction-limited spatial resolutions of between 3 and 5 microns allowed individual glandular secretions as opposed to skin cell debris to be selected for analysis as demonstrated in Fig. 3 . Fig. 4 shows a direct comparison of the spectra obtained for fingermarks on polished stainless steel using synchrotron IR microscopy against fingermarks measured using conventional IR microscopy, and clearly demonstrates the significant advantages of the synchrotron IRM in the analysis of latent fingermarks. Fig. 5 shows a comparison of synchrotron IR spectra from latent fingermark deposits obtained using reflection (polished stainless steel plate) and transmission on a ZnSe substrate. As stated earlier taking into consideration the scale, timeframe and availability of resources for this study, glass and metal plates and reflectance was used for the remaining studies.
Skin debris vs. glandular deposits
The focus of this study is the glandular secretions, as fingermark reagents target and bind to these rather than the skin cell debris, so chemical information about these is more informative to developing new reagents. As Williams et al. [2] displayed in their recent article on the use of IR microscopy for fingermark analysis, there are large chemical differences between the glandular secretions of interest in the study of latent fingermarks compared to skin cell debris. IR absorbances due to debris have been found to be much stronger than those due to glandular secretions. Additionally, uncertainty in how skin cells change chemically over time and as their composition is vastly different to glandular secretions, the ageing patterns are thought to be greatly different to glandular fingermark deposits. As such, the high spatial selectivity of the synchrotron source allowed the acquisition of data more representative of the chemistry of latent fingermarks by the selective measurement of glandular secretions over obvious skin debris. The spectra obtained from different ridges of the same fingermark appeared to be quite homogenous, with the primary difference being the spectral intensity due to varying size and thickness of the analysed secretion. As expected, the chemical difference between fingermark deposits from uncharged and charged prints is much smaller than the variation that exists between glandular secretions and skin cell debris.
Eberhardt [28] proposed that cell debris may be the residue of cell walls in oil-secreting glands. Furthermore, as proposed by McIntosh et al. [29] , spectra obtained from skin cells consists of a much larger percentage of nitrogen in the form of secondary amide (N-H) stretches present mainly at 3280cm -1 , but also at 1540cm -1 and 1230cm -1 , due to the proteins present in cells (Fig. 6 ).
Ageing studies 3.3.1 Time frame
Ageing studies were conducted to infer the chemical changes that may occur to fingermark samples over prolonged periods of time. To this effect, fingermark samples from a range of donors (Table 4) were analysed over a nine month period and stored at ambient conditions.
The time interval between analyses was determined by the availability of the Australian Synchrotron and a timeframe that offered suitable reference points for the study. Preliminary investigations suggest that the unstable or volatile components will evaporate relatively quickly, whereas the more stable constituents can remain for a very long time, allowing successful fingerprint identification even after 20 years [1] .
Visual sample comparisons
Spectral comparison of fresh and six-month old fingermarks showed that there was a decrease in the quantity of material making up the fingermark ridges over this period (Fig. 7) .
Visual comparison of the fingermarks at 36-fold magnification showed that pools of glandular secretions decreased in size, or disappeared altogether, and became lighter in texture over this time period. The reason for this decrease is believed to be due to the evaporation of volatiles, as the oxidation of constituents or bacterial action are unlikely to result in the observed loss of material, unless they were to convert some of the more stable components into volatiles.
Inspection of the infrared spectra also indicates no observable chemical change, rather a decrease in the amount of the targeted secretions.
Changes in chemical composition
Identifying chemical trends
All spectra obtained from fingermark samples included a double band in the 2970 -2833 cm Material Fig. S2 ). Range normalisation for integration values was not performed as the absolute intensities were utilised to indicate whether a decrease in the absorbances occurred with time.
Chemometric analysis
In another effort to identify any underlying trends between the different samples, chemometric analyses was performed on the 3000-2750 cm -1 region of the spectra, as no significant variance was observed outside the aliphatic C-H range. All spectra were baseline corrected and range normalised. All pre-processing and statistical analysis of the data was performed using the Unscrambler® X software (CAMO Software AS, Oslo, Norway).
Principal component analysis (PCA) was used as an unsupervised chemometric technique to identify any trends in the data according to age and gender of the donors, and to the age of the deposits. However, no particular trends could be observed, as can be seen in the randomness of the plots in Fig. 8 . Replicate samples were observed to be as widely distributed on the scores plots as the whole sample set, indicating that inter and intra sample variability is similar. There is thus no discernible IR difference in the lipid composition as function of age or gender. Similarly, no trend is identifiable in relation to the age of the deposits, indicating that selective degradation of the long chain fatty acid esters is not occurring.
In addition to the baseline correction and range normalisation, the spectra were processed using the second derivative data, as this may have revealed smaller changes or hidden bands more easily. This also did not provide any clustering or trends.
Reinforced by the chemometric analyses performed, no trend could be attained. Although the samples were shown to be relatively homogenous chemically within the same deposit and between deposits, it is not possible to assess the thickness of the sample. As the path length of the sample is unknown individual intensities cannot be used to assess possible differences between samples and only the relative intensities of bands within a spectrum are of use. The lack of clustering in the PCA scores plots of the CH stretching region showed significant relative intensity changes did not occur with the spectra we obtained.
The advantages of using synchrotron sourced IR microscopy to conventional sourced IR microscopy were established in its ability to offer much higher sensitivity and spatial resolution for the in-situ analysis of latent fingermark residues. The chemical composition investigations of latent fingermarks coincide with the literature results. However, due to the very large uncertainties involved in the data, no particular trend could be established for the ageing and gender studies using integration or chemometric analyses. The uncertainties were the result of varying quantities of the deposits, although the peak assignments indicate that the fingermark residues were relatively homogenous within the sample and that a general decrease of deposit quantity was occurring over time. The importance of selectively choosing glandular secretions was observed in the differences of their chemical composition to skin cell debris. This study does highlight however, that due to the chemical variation of fingermark deposits between donors, investigating new possibilities for more general reagents may prove more successful than developing a very specific fingermark reagent.
Conclusion
This study has shown that synchrotron sourced IR microscopy is superior to conventional IR for in-situ fingermark studies as its greater spatial resolution enables skin cell s and debris to be avoided, and its greater brightness generates acceptable quality spectra more rapidly.
Transflection mode spectra are dominated by CH stretching vibrations of the lipid portion of fingermark deposit, which does not display significant variation across a fingermark nor as a function of age of the print and the gender and age of the donor. However, as expected, a general decrease in overall spectral intensity, due to evaporation of the lipids, was observed over time.
The observed lack of significant variability in the lipid composition of fingermarks with the age of donors, gender and age of the fingermark is noteworthy, as it indicates that latent fingermark visualisation reagents that target lipids (such as Oil Red O) should give accurate and reliable renditions of fingermarks. 
